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A Septum-Derived Chemorepulsive Factor
for Migrating Olfactory Interneuron Precursors
Huaiyu Hu and Urs Rutishauser pathway itself, or the extrinsic influence of a soluble
chemotropic factor. Although chemotropic effects haveDepartments of Genetics and Neuroscience
School of Medicine not previously been identified for the migration of neu-
ronal cell bodies,diffusible chemoattractive or chemore-Case Western Reserve University
Cleveland, Ohio 44106-4955 pulsive molecules have recently been described that
may serve to guide growing axons toward their target
(Colamarino and Tessier-Lavigne, 1995a; Kennedy et al.,
1994; Dodd and Schuchardt, 1995; Messersmith et al.,Summary
1995; Puschel et al., 1995).
To evaluate these possibilities, we have carried outDuring mammalian brain development, immature neu-
both cell transplantation and tissue culture studies. Therons often migrate considerable distances. A dramatic
transplantation of fluorescently labeled SVZ cells hasexample is the rostral migration of olfactory in-
been used to establish the existence of directional cues.terneuron precursors from near the septum to the ol-
The culture studies involve SVZa explant cultures infactory bulb via a subventricular pathway. Heterotopic
three-dimensional collagen matrices, a system in whichtransplantations establish that this migration is unidi-
asymmetric cell migration can be readily detected andrectional and that guidance cues operate over a con-
which is capable of stabilizing gradients of diffusiblesiderable distance. The guidance cues for this translo-
molecules produced by other tissues placed near thecation have not been identified, and the present
SVZ explant (Lumsden and Davies, 1983). The resultsstudies provide evidence that a diffusible chemorepul-
obtained are consistent with the possibility that a unidi-sive factor, secreted by caudal septum but not by other
rectional in vivo guidance mechanism exists along thetissue regions surrounding the pathway, may be in-
SVZ pathway and that this mechanism may not be intrin-volved. This activity is functionally distinct from that
sic to the pathway. They also establish that a potentproduced by factors that influence vertebrate axon
chemorepulsive factor is produced by the caudal partoutgrowth, such as netrin-1, netrin-2, and collapsin-
of the septum, which lies at the caudal end of the path-1/semaphorin-III. The presence of this activity in the
way and thus could serve as a guidance cue. This che-floor plate/ventral spinal cord as well as the septum
morepulsive activity, which was also found to be pro-suggests that it may influence other types of cell mi-
duced by the spinal cord floor plate, is then shown togration.
be functionally distinct from chemotropic factors that
affect axons.Introduction
During the development of the mammalian nervous sys- Results
tem, newborn neurons often migrate considerable dis-
tances to reach their final location (McConnell, 1990; SVZ Cell Migration Is Unidirectional toward
the Olfactory BulbLuskin, 1993a). The neuronal migration can be divided
into tangential migration and radial migration, de- When SVZa cells isolated from olfactory interneuron mi-
gration pathway of newborn mice or rats are implantedpending on their trajectory with respect to theventricular
or pial surfaces (Rakic, 1990). One of the dramatic exam- into the SVZa of another newborn, the implanted cells
migrate to the olfactory bulb and populate the granuleples of long distance migration occurs during the post-
natal development of the rodent olfactory bulb (Altman cell layer and glomerular layer (Zigova and Luskin, 1994,
Soc. Neurosci., abstract; Hu et al., 1996). Thus, the trans-and Das, 1966; Bayer, 1983; Hinds, 1968a, 1968b;
Luskin, 1993b). Olfactory bulb interneurons are gener- planted cells, when prelabeled with a marker, provide
the opportunity to observe the behavior of individualated largely in the subventricular zone near the anterior
horn of the lateral ventricle (SVZa) (Luskin, 1993b). They migrating cells in this environment.However, it is difficult
to determine whether cells transplanted to the SVZathen migrate through a specific tangential pathway
within the SVZ to the olfactory bulb, where they proceed migrate in response to unidirectional cues. Therefore,
in the present study, we have used heterotopic trans-radially to populate different cell layers of the bulb
(Luskin, 1993b). This neurogenesis occurs mainly during plantations of SVZa into rostral SVZ to document more
fully the existence and nature of a caudal±rostral guid-the first 3 weeks of the rodent life. Some neurogenesis
continues well into adulthood (Kaplan and Hinds, 1977; ance cue for cell migration. For these studies, the trans-
planted cellswerederived from coronal sections throughCorotto et al., 1993; Lois and Alvarez-Buylla, 1994).
The mechanism of this migration is not well under- the region of neurogenesis, as labeled by bromodeoxy-
uridine (BrdU) incorporation and illustrated in Figure 1B.stood, but may involve cooperative interactions among
the migrating cells to form linear strings aligned with One transplantation site was located in the middle of
the pathway, that is, at the caudal edge of the olfactorythe migration route (Rousselot et al., 1995; Hu et al.,
1996). The migration of these neurons toward the bulb bulb; the other transplantation was to the rostral end of
the SVZ within the olfactory bulb (Figure 1A).also suggests the existence of caudal±rostral guidance
cues. Two types of mechanism that could provide such When cells were implanted into the SVZ at a site just
caudal to the olfactory bulb, the cells migrated rapidlycues would be an intrinsic directionality built into the
Neuron
934
Figure 1. Migration of Transplanted P6 Ol-
factory Interneuron Precursors in P6 SVZ
In each panel, the rostral/caudal axis is from
left to right. DiI-labeled SVZa cells (dissected
from the regions indicated in [A] and the
BrdU-labeled section in [B]) were implanted
into the SVZ at positions just caudal to the
olfactory bulb (C) or at the rostral end of the
SVZ within the bulb (D±F). The implantation
positions are indicated in (A) by arrowheads
and by asterisks in (C)±(F). The migrating cells
were observed in parasagittal sections. In (C),
the transplanted cells migrated only rostrally
after 24 hr of survival. In (D), (E), and (F), the
cells migrated both rostrally and caudally for
24, 48, and 96 hr, respectively, but never ex-
tended beyond the caudal margin of the bulb.
(G) Higher magnification of SVZ showing that
the caudal migrating cells had the typical
morphology of migrating precursor cells.
These cells then migrated radially (H) to oc-
cupy appropriate positions in the granule cell
layer with processes extending into the mitral
cell layer. Abbreviations: OB, olfactory bulb;
CTX, cerebral cortex; fmi, forceps minor cor-
pus callosum; CC, corpus callosum; CP, cau-
date putamen; LV, lateral ventricle; R, rostral;
C caudal; GCL, granule cell layer; MCL, mitral
cell layer. Scale bars represent 500 mm in (B)
and 250 mm in (C)±(F). The scale bar in (H)
represents 50 mm for (G) and 100 mm for (H).
into the bulb, but virtually none migrated caudally back nism from SVZa to the olfactory bulb and suggest that
within the bulb this guidance mechanism either doestoward SVZa within 24 hr after transplantation (Figure
1C; n 5 5).This behavior indicates that cells areunidirec- not exist or is masked by other factors. To investigate
more directly the mechanism of that guidance, wetional in their migration within the rostral SVZ from SVZa
to the olfactory bulb. Some cells implanted into the ros- turned to an in vitro model utilizing culture of SVZa ex-
plants in a collagen matrix.tral part of the olfactory bulb SVZ migrated radially as
expected, while others were able to migrate caudally
(Figure 1D; n 5 11). As survival time increases, the num- Cell Migration out of SVZa Explants
Is Symmetricalber of caudal migrating cells also increases (Figures 1E
and 1F; n 5 11). However, this caudal migration did not We first tested whether the rostral migration observed
in vivo is an intrinsic property of migrating cells in SVZextend beyond the margin of the bulb, even after 96 hr
(Figure 1F). In other respects, these ectopically trans- tissue. SVZa explants from sagittal sections of postnatal
day 4±7 (P4±P7) mouse brain were dissected with re-planted cells behaved normally, that is, they exhibited
the morphology of migrating SVZ cells (Kishi, 1987; Ono spect to the rostral±caudal axis and were cultured for
24 hr. In 14 of 15 of these cultures, there was no apparentet al., 1994) (Figure 1G) and eventually underwent radial
translocation to occupy the granule cell layer (Figure asymmetry of migration along the rostral±caudal axis
(Figure 2B). In fact, a similar number of migrating cells1H) and glomerular layer. Some were found to adopt
typical interneuron morphologies (data not shown). and the same migration distance were observed all
around the explant. As the SVZa also contains cellsThus, migration of olfactory interneuron precursors
from their source SVZa to the bulb is unidirectional. other than olfactory precursors, namely radial glial cells
and ependymal cells, it was possible that a directedWithin the bulb, migrating cells can go both ways, but
caudal migrating cells do not extend beyond the olfac- migration was being obscured by non-neuronal cells.
However, immunostaining of the cultures for neuron-tory bulb, even after 3 days. These results indicate the
presence of an active unidirectional guidance mecha- specific type III b-tubulin with the antibody TuJ1 (Lee
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Figure 2. Septum Produces a Chemorepul-
sive Factor for the Migration of Olfactory In-
terneuron Precursors
(A) A parasagittal section through the middle
of the olfactory bulb of a newborn mouse is
shown in (i), together with two coronal sec-
tions (ii and iii) at the rostral/caudal positions
shown in (i). Superimposed on the parasagit-
tal section is septum (area outlined by large
dots), which lies medial to this section (see ii
and iii). These diagrams illustrate the location
of SVZa and five tissues regions adjacent to
SVZa that were tested for chemotropic activ-
ity: rostral septum (RSE), caudal septum
(CSE), olfactory bulb (OB), caudate putamen
(CP), and cerebral cortex (CTX).
(B) A P4±P5 SVZa explant cultured with its
rostral±caudal axis explant oriented from left
to right. Note that cells migrated uniformly
from all sides of this tissue; the edge of the
tissue is indicated by arrowheads.
(C±E) Cocultures of SVZa with P4±P5 OB (C),
caudate (D), and cerebral cortex (CTX) (E).
Again note the symmetrical pattern of cell
migration in each case.
(F) Coculture of SVZa with P4±P5 caudal sep-
tum (CSE). Unlike the other cocultures, very
few SVZ cells were located between the SVZa
and septal explants.
(G) Coculture of SVZa with P4±P5 rostral sep-
tum (RSE); note that the migration is symmet-
rical.
(H) Confocal image of immunofluorescence
staining for type III b-tubulin (using the TuJ1
antibody), showing cells that have migrated
away rapidly and in large numbers from the
side of the SVZa explant that is distal to the
septal explant.
(I) A confocal immunofluorescence image of
cells that are located on the side of the SVZa
explant proximal to the septal explant, which
is on the right, out of the field. Note that many
of the cells that migrated out SVZa explant
had leading processes (arrowheads) project-
ing away from the septal explant, including
the side facing the septal tissue. The insert
shows more the morphology of an isolated
cell proximal to the septal explant, with its
process extending away from the septal ex-
plant.
Scale bar represents 175 mm for (B)±(G) and
50 mm for (H) and (I).
et al., 1990; Ferreira and Caceres, 1992; Menezes and P4±P7 explants of tissues that surround the SVZ migra-
tion route were cocultured for 24 hr at a distance ofLuskin, 1994) indicated that virtually all the cells leaving
the explants are of neuronal lineage (Figure 2H). Thus, 100±400 mm from the SVZa explants. There are four
different tissue regions that are adjacent or surroundingthe rostral±caudal direction of migration in vivo does
not appear to be intrinsic to or preserved in SVZa tissue the subventricular pathway: olfactory bulb, caudate pu-
tamen, cerebral cortex, and septum (see Figures 1A andexplants, and we were able to use this system to look
for extrinsic guidance factors. 2Ai). Olfactory bulb, the migration destination, did not
exhibit a significant effect (n 5 150) (Figure 2C), in that
a symmetrical cell migration pattern was obtained fromSeptum Produces a Chemoinhibitory
Factor for SVZ Cell Migration the SVZa explant. Similarly, caudate putamen and cere-
bral cortex, which flank the migration pathway, did notTo provide guidance information, a chemotropic agent
must be produced by a localized source appropriately induce any significant asymmetry in the migration pat-
tern (n 5 33 and 51, respectively) (Figures 2D and 2E).located with respect to the migration route. Therefore,
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Septum-Induced Effects Involve Chemotropism
at the Level of SVZ Cell Process Formation
The effect of septum on cell migration had the appear-
ance of chemorepulsion, in that few if any cells had
moved toward the septal explant. However, a true che-
motactic response implies a sensing of direction by indi-
vidual cells. To examine this point, observations were
made on the behavior of individual cells and in particular
their leading processes, using two dimensional projec-
tion of stacks of confocal images (Figures 2H and 2I).
Our previous studies indicated that these processes do
not contain tau or neurofilament-200 and therefore are
not axons (Hu et al., 1996).
These studies revealed that the migrating cells have
morphologies typical of in vivo migrating cells (Kishi,
Figure 3. Measurement of the Migration Distance of SVZ Cells in
1987) and that the inhibition of migration produced bySVZa-Caudal Septum Cocultures
caudal septum acts at the level of this leading process.
All tissues were derived from P4±P5 animals. Note that after 16 hr
In SVZa-caudal septal cocultures, over 90% of the typeof culture the cells in the distal quadrant were located further from
III b-tubulin-positive cells in the distal quadrant had pro-the explant than the cells in the proximal quadrant.
cesses that were oriented away from the SVZa explant
and therefore away from the septal explant (Figure 2H).By contrast, coculture with caudal septum, a region
By contrast, the small number of cells that had movedthat lies medial and caudal to SVZa and adjacent to
toward the septal explant usually had processes thatgenu corpus callosum (gcc) (Figure 2Aii), produced a
extended back toward the SVZa and therefore awaystriking asymmetry in 211 out of 222 cultures (Figure
from septum (Figure 2I, p << 0.001). Repeated examina-2F). Relative positions of SVZa and gcc were deduced
tion of these cultures confirmed that the cells located
by comparison of anatomical structures documented by
in the proximal quadrant had originated from the SVZ
Luskin (1993b) and Paxinos et al. (1991). However, the
explant and not the septal explant.
rostral portion of septum lying rostral to gcc and medial
Further information on the behavior of leading pro-
to the SVZa (Figure 2Aiii) did not induce asymmetric cesses was obtained by time-lapse cinematography.
migration in 35 of 39 cultures (Figure 2G) and induced These studies revealed a striking difference in pro-
only a slight asymmetry in the remaining four cultures. cesses extending in the distal and proximal quadrants.
Interestingly, the effects of caudal septum were also Most leading processes in the distal quadrant elongated
apparent with SVZ from the olfactory bulb in 41 of 41 steadily away from the SVZa explant (Figure 4A), fol-
cultures, suggesting that the absence of unidirectional lowed by translocation of the soma. In the proximal
migration within the bulb does not reflect a lack of re- quadrant, a number of processes also grew out from
sponsiveness to the septal factor. the explant. However, these usually retracted within less
The inhibition of migration induced by caudal septum than an hour (Figure 4B). Scoring over a 2±3 hr period,
was dose dependent. That is, the closer the two ex- greater than 85% of the processes in the proximal quad-
plants, the more pronounced the inhibition of migration rant completely retracted, while less than 40% of pro-
toward the septal explants; if the distance was 1 mm or cesses in the distal quadrant displayed any retraction
more, the effect on migration was not observed and (p ,, 0.001, x2 analysis). As a result, the cultures gradu-
the migration pattern was symmetrical (n 5 6; data not ally developed the marked asymmetry in cell distribution
shown). This fact probably explains why there is not a described above.
greater number of migrating cells on the distal side of The small number of whole cells that succeeded in
the SVZa explants relative to controls (see Figures 2B entering the proximal quadrant also displayed signs of
and 2F). chemorepulsion (Figure 5). Time-lapse microscopy
To quantitate the effect of septal explants on SVZ cell showed that most of these cells (about 70%) eventually
migration, we stained the cultures for neuron-specific reversed their course of migration. First, they retracted
type III b-tubulin and visualized single cells in a plane their original leading process and then reextended it
through the middle of the explant, using a confocal mi- away from the septum. This behavior led to the type of
croscope. The number of cells that were located in the cell profile illustrated in Figure 2I.
distal or proximal quadrant with respect to the septal
explant were counted (Figure 3). While 1700 cells had Chemorepulsive Activity for SVZ Cells Is
migrated into the distal quadrant from the SVZa tissue, Functionally Distinct from Chemotropic
only 101 cells were found in the proximal quadrant Factors for Axons and Is Also Produced
(p ,, 0.001, x2 analysis). The migration distance of by Spinal Cord Floor Plate
individual cells was also scored (Figure 3), revealing that It has been reported that septum also produces a che-
the cells in the distal quadrant had migrated on average morepulsive factor for projection axons of the olfactory
80 6 4 mm (mean 6 SEM) with a maximum of about 240 bulb during prenatal development of the rat olfactory
mm, while the few cells in the proximal quadrant had bulb (Pini, 1993). To test whether these two septal-de-
migrated only 20 6 1 mm (mean 6 SEM; p ,, 0.0001), rived factors might be related, newborn mouse SVZ ex-
plants were cocultured with septal explants from ratwith a maximum of 75 mm.
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cells is unique to septum, we tested other tissues from
various regions of the central nervous system, including
P4±P7 cerebellum, hippocampus, thalamus, as well as
cerebral cortex from various brain regions, and the dor-
sal and ventral halves of E11±E13 spinal cord and floor
plate. Of these, only ventral spinal cord and floor plate
exhibited detectable activity (Figure 6E). Floor plate is
known to produce netrin-1, a soluble factor that is both
chemoattractive for commissural axons and chemore-
pulsive for motor axons (Kennedy et al., 1994; Colamar-
ino and Tessier-Lavigne, 1995b). Similarly, ventral spinal
cord produces netrin-2, which is chemoattractive for
commissural axons (Kennedy et al., 1994). Thus, the
possibility existed that the septal factor might be ne-
trin-1 or netrin-2. However, while floor plate including
some ventral spinal cord attracted commissural axons
as reported, septum was not able to mimic this effect
(Figure 6G). Furthermore, neither netrin-1 nor netrin-2
produced by aggregates of transfected COS1 cells wereFigure 4. Time-Lapse Micrographs of Migrating Neurons in the Dis-
able to induce an asymmetry in the migration of cellstal and Proximal Quadrants of P4±P5 SVZa-Caudal Septum Cocul-
from SVZa explants (Figure 6H). In similar experiments,tures
it was also found that collapsin-1/semaphorin-III, a solu-The blurred quality of these images is due to the three-dimensional
collagen matrix into which the cells are migrating. (A) Leading pro- ble factor isolated from brain that can repel axonal out-
cess of a migrating neuron in the distal quadrant. (B) Leading pro- growth and which is found in ventral spinal cord but not
cess of a migrating neuron in the proximal quadrant. Note that the floor plate (Luo et al., 1993, 1995; Messersmith et al.,
cellbody (arrows) has moved out of the explant in the distal quadrant 1995), did not affect SVZ cell migration (data not shown).
while the leading process in the proximal quadrant has retracted
Together, these findings suggest that the septal factorand the cell body has not left the explant. Scale bar represents
for cell migration is distinct from chemotropic factors25 mm.
previously described for axon outgrowth and that it may
influence cell migration outside of the brain.
embryonic day 15 (E15) embryos. As reported, olfactory
bulb axons were repulsed by rat E15 septum explants Discussion
(30 out of 30 cocultures, Figure 6B). However, these
axons did not grow away from theP4±P7 septal explants The combined results of these transplantation and cul-
used in our study (n 5 15, Figure 6D), suggesting that ture studies suggest that there is an active, long-range,
the two factors are distinct. In contrast, chemorepulsive unidirectional guidance cue(s) for migration of olfactory
activity for SVZ cell migration was evident and equally interneuron precursors in the SVZ and that a potent
effective with both E15 and P4±P7 septum (Figures 6A septum-derived chemorepulsive activity observed for
and 6C). SVZ cell migration in vitro could contribute to this guid-
ance. The chemorepulsive factor detected in culture isTo test whether the chemorepulsive activity for SVZ
Figure 5. Cells That Initially Migrated toward Septum Can Reverse Their Direction
Note that the leading process of the cell initially extended toward the septal explant to the right, then retracted and reextended back toward
the SVZ explant. Over two-thirds of the cells that initially migrate proximally displayed this behavior. Scale bar represents 100 mm.
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Figure 6. The Septal Chemorepulsive Factor
for Migrating SVZa Cells Is Distinct from Che-
motactic Factors for Axons in Both Septum
and Spinal Cord Floor Plate
(A±D) The effect of septum on SVZa cell mi-
gration in culture persists after birth, whereas
the chemorepulsive activity for axons is no
longer evident (15 out of 15 cultures). (A) Cul-
ture of SVZa with rat embryonic day 15 (E15)
septum (SE) (24 hr). (B) Culture of rat E15
olfactory bulb (OB) with rat E15 septum (48
hr). (C) Culture of SVZa with newborn (P4±P7)
septum (SE) (24 hr). (D) Culture of rat E15 OB
with newborn septum (48 hr).
(E±H) Floor plate including part of ventral spi-
nal cord produces a chemorepulsive factor
for SVZa cells that is distinct from netrin
chemotropic activity. (E) Culture of SVZa with
E12 spinal cord floor plate (FP). (F) Culture of
E12 dorsal spinal cord (SC) with floor plate.
(G) Culture of dorsal spinalcord with newborn
septum. (H) Culture of SVZa with netrin-1
transfected COS1 cells; the same result was
obtained with netrin-2 or collapsin-1/sema-
phorin III-transfected cells. In controlcultures
(data not shown), the semaphorin III-produc-
ing cells exhibited chemorepulsion for NGF-
induced neurite outgrowth from dorsal root
ganglia (Messersmith et al., 1995), and both
netrin-1 and netrin-2 produced an attraction
of dorsal spinal cord axons (Kennedy et al.,
1994) similar to that shown in (F).
Scale bar represents 100 mm.
a unique chemotropic activity in the migration of neural is, whereas axons tend to turn toward or away from a
source of a chemotactic agent, the SVZ cells respondcells during development. Its presence in at least one
other tissue region, embryonic floorplate/ventral spinal by retraction and reextension of their process. Thus,
the effect on cell migration could be considered as acord, indicates that this type of chemorepulsion may
operate outside of the brain as well. repolarization of the cell as a whole rather than an effect
exerted solely at the growth cone. On the other hand,The most likely mechanism underlying this chemotro-
pism would appear to be a sensing of a gradient of the before concluding that there is a fundamental difference
in these behaviors, it must be considered that the lead-septal factor by the migrating cells. The fact that the
response was graded with respect to the distance from ing process of SVZ cells is much shorter than most
axons and that partial retraction of axonal processesthe septal explant would support this hypothesis. Fur-
thermore, the behavior of the leading process of the can also beobserved in their response to guidance cues.
Perhaps contrary to expectations, olfactory bulb doesmigrating cells, namely a retraction of processes that
initially were oriented toward the septal explant followed not appear to produce a chemoattractive factor for the
migrating neurons. Moreover, despite the existence ofby growth of a new process away from the explant, is
consistent with a graded chemorepulsion. An alternative streams in the migration of SVZ cells within the specific
pathway (Rousselot et al., 1995), we did not observe anmechanism, such as a septum-induced increase in ad-
hesion at the proximal side of the SVZa explant, cannot intrinsic asymmetry in the migration of SVZ cells out of
oriented SVZ explants. Thus, the potent chemorepulsionbe completely ruled out but is difficult to reconcile with
the time-lapse observations of process outgrowth. exhibited by the septal factor, with its appropriate loca-
tion at the caudal end of the migration route, representsAlthough the response of the migrating cells can be
considered chemotaxis on the basis of the directed be- the only known potential component for active guidance
of SVZ cells migration. It should also be noted that thehavior of the leading process and the net effect on cell
translocation, this process may be distinct from the che- septum is a large structure containing several different
regions, including lateral septal nucleus, medial septalmotaxis that is observed during axon outgrowth. That
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Coronal or sagittal sections (400 mm) were cut with a vibratomenucleus, and septalhippocampal nucleus, each with
(Ted Pella, Incorporated, Redding, CA). The SVZ from appropriatesubdivisions. The precise region of the septum that se-
sections was dissected and treated with 0.25% trypsin, 0.1% DNasecretes the chemorepulsive factor is not known, except
I at 378C for 10 min. The trypsin solution was replaced with Dulbec-
that it is not located in the segment that lies rostral to co's modified Eagle's medium (DMEM) supplemented with 10% fetal
the gcc and medial to SVZa. bovine serum. The sections were then triturated with a fire-polished
Pasteur pipette to separate the cells. The cells in suspension wereChemorepulsion alone is not sufficient to account for
labeled with green fluorescent microspheres (Lumafluor Incorpo-the route taken by olfactory interneuron precursors. In
rated, New City, NY) by incubating with culture medium containingparticular, it remains to be explained how the migrating
a 1:400 dilution of the microsphere stock suspension for 1 hr atcells remain ina confined pathway within the subventric-
378C. The cells were pelleted at 1003 g and washed with HBSS three
ular zone. That is, while these cells rapidly undergo radial times. The cells were then labeled with diI-C18-(3) by incubating with
migration within the olfactory bulb, they do not follow culture medium containing 10 mg/ml of diI for 15 min at 378C. The
double-labeled cells were washed three times with HBSS and resus-radial routes into the caudate putamen or cerebral cor-
pended to 107 cells/ml. Cells were injected into animals with a ste-tex before reaching the bulb. As our culture studies did
reotaxic device (Stoelting, WoodDale, IL) anda picospritzer (Generalnot reveal a repulsive or attractive diffusible cue from the
Valve Corporation, Fairfield, NJ) using a pulled capillary needle.caudate and the cerebral cortex, other factors, probably
To inject the cells into SVZ at the most caudal part of the olfactory
nondiffusible, must be involved in defining the limits bulb (postnatal day 6, P6), the coordinates were 1 mm posterior to
of the migration pathway. One possibility could be the the frontal cerebral vein, 0.9 mm lateral to the midline, and 2.5 mm
migrating cells themselves, in that the cooperative below the skull. To inject the cells into the rostral part of the olfactory
bulb of P6 animals, the coordinates were 0.9 mm lateral to thestreaming of cells observed in vivo (Rousselot et al.,
midline, 0.7 mm anterior to the frontal cerebral vein, and 1 mm below1995) and also evident in culture (Hu et al., 1996) could
the skull.keep the migrating cells together, much as the interac-
tions between axons keeping them organized into fasci-
cles along long pathways. However, these streams are Explant Cultures
Tissue from within the boundaries of the SVZ was dissected out torelatively short and do not appear to extend all the way
make SVZa explants of 200±400 mm in diameter as above. Otherfrom SVZa to the olfactory bulb and, thus, are not likely
tissues were slightly larger. The tissues were embedded into colla-by themselves to restrict cell movements to within the
gen gels as described by Lumsden and Davies (1983). The explants
migration route borders. Another factor could be extra- were cultured under 5% CO2 in DMEM/F-12 supplemented with 5%
cellular matrix within the migration pathway. In the adult, fetal bovine serum, 5% horse serum, and appropriate antibiotics.
the SVZ migration pathway contains tenascin and chon- Cocultures were usually carried out for 16 or 24 hr.
For time-lapse studies, SVZa-septum cocultures were incubateddroitinsulfate proteoglycan (CSPG), and enzymatic deg-
for 2 hr at 378C, at which time leading processes had begun toradation of CSPG promotes cell migration out of SVZ
appear. Video time-lapse microscopy with a 203 phase contrastexplants (Gates et al., 1995; Thomas et al., 1995, Soc.
objective was carried out for an additional 2 to 3 hr using a Zeiss
Neurosci., abstract; Fillmore et al., 1995, Soc. Neurosci., LSM410 confocal microscope. The appearance, retraction, and
abstract). If such inhibitory activities are localized at the translocation of the cell bodies was recorded.
pathway boundaries, they could help to prevent cell
from undergoing premature radial migration.
ImmunofluorescenceAlthough the combination of a chemorepulsive factor
Samples were fixed with 4% paraformaldehyde and preincubated
and a migration route boundary provide an attractive with 10% goat serum in 0.1 M phosphate buffer (pH 7.4) containing
basis on which to propose mechanisms for the unidirec- 0.1% Triton X-100 for 1 hr. Incubation with primary antibody (TuJ1,
tional migration of SVZ cells to the olfactory bulb, it 1:200 dilution) was carried out overnight at 48C. The samples were
washed with 0.1 M phosphate buffer three times for 1 hr each. Theyremains to be established if any of these elements actu-
then were incubated with goat anti-mouse IgG conjugated with FITCally operates in vivo. Nevertheless, the realization that
for 1 hr. The samples were washed with phosphate buffer threechemotropic activities exist for neuronal cell migration,
times before being mounted in glycerol. Immunofluorescence micro-both within and potentially outside of the brain, repre-
graphs were obtained with a Zeiss LSM410 confocal microscope
sent an important advance in defining the parameters with a 403 objective. Owing to the inability of the antibody to com-
for tissue formation. pletely penetrate the explant, one focal plane through the middle
of the explant shows bright staining of the migrating cells while
Experimental Procedures much less staining for the explant itself. The migration of cells was
quantitated in terms of the distance between the far side of the cell
Animals body to the nearest edge of the explant, using the software provided
Untimed pregnant CF-1 mice were obtained from Charles River with the confocal microscope.
Laboratories (Wilmington, MA). They were kept in microisolators.
All animal careand experimentation was carried according to institu-
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